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Abstract 
Relatively low engineering properties of dredged marine soils (DMS) have rendered the soil 
as geo-waste which is most likely to be discarded back into the sea. Soil improvement by 
using cement could easily improve the engineering properties of the soil. However, with the 
increasing trends of green technology and sustainable engineering, many researchers seek 
for alternative pozzolanic materials such as coal bottom ash (BA) and palm oil clinker (POC) 
to fully or partially substitute the use of cement. Therefore, series of one-dimensional 
consolidation test were executed on samples with various percentages of admixtures in the 
present study. This study examines the compressibility and time-dependent consolidation 
behaviour of the samples. Based on the findings, cemented DMS shows higher void ratio 
than WGM-admixed DMS. The cement-WGM-admixed samples display considerable 
compressibility and time-dependent consolidation properties. Moreover, the addition of BA in 
cement-admixed DMS could reduce the usage of 5 % cement. These findings suggest that in 
general, WGM could be act as supplementary additives to cement. 
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INTRODUCTION 
 
In order to clear and maintain the ship’s navigation channel, dredged marine soils 
(DMS) are required to be excavated out along the waterway. Presently in Malaysia, DMS is 
known as geo-waste which is likely to be dumped rather than to be reused (Jong and Chan, 
2013). This type of soil is high in compressibility and low in load bearing capacity. If 
certain structure is exerted on top of this soil, it would incur the chances of extreme 
consolidation settlement. Soil improvement method such as soil solidification is able to 
enhance the engineering properties of this particular soft soil. The common hydraulic binder 
used in soil solidification is cement. Since 1970’s, it was extensively used for construction 
and soil improvement works (Jaritngam and Swasdi, 2006). Due to the increasing growth in 
population and urbanization throughout the world, the demand for cement continues to 
grow. 
 
However, high production of cement has caused emission of greenhouse gasses (GHG), 
particularly carbon dioxide (CO2) that has affected the earth’s atmosphere. Furthermore, 
about 5-8 % of global man-made CO2 discharges were originated from the cement 
manufacturer which made it as a substantial contributor of CO2 emissions (Scrivener, 2014; 
Ramezanianpour, 2014; Huntzinger and Eatmon, 2009). Currently, there is an increasing 
interest in using alternate pozzolanic materials to fully or partially substitute the use of 
cement in soil improvement works. Pozzolanic materials have low cementitious properties 
by which react chemically in the presence of moisture. There are large volumes of 
combusted wastes or by-products that can also be termed as waste granular materials 
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(WGM) such as coal bottom ash (BA) and palm oil clinker (POC), which possess 
pozzolanic properties. 
 
BA is a byproduct of coal combustion which is used to generate steams and then 
converted it into electricity in the power generation plant. Whereas, POC is a biomass 
byproduct of incinerated palm fiber husk and shell which is also used to generate power in 
the palm oil mill. Both of these wastes or byproducts have low commercial values. 
Therefore, by acknowledging the pozzolanic nature of WGM, it is possible to beneficially 
reuse these materials in soil improvement work. 
 
This study set out to determine the compressibility and time-dependent consolidation 
behaviors of DMS treated with cement and/or WGM. In order to examine the individual 
effects of pozzolanic materials, the samples are prepared in various proportions. The 
coefficient of consolidation (cv) and time end of primary consolidation (t100) of the soil 
samples are also tested by using a standard oedometer. 
 
MATERIALS 
 
The materials used in this study were DMS and WGM. Ordinary Portland cement (C) 
was also used as a comparison between the conventional and alternate binders effect on 
DMS. DMS were retrieved from Kuala Muda waterways in Kedah district, Malaysia. The 
sample was taken from a depth of 8-10 m from the sea level by using a trailing suction 
hopper dredger. The raw samples were then secured in plastic bags and stored inside large 
air-tight containers to avoid any loss of moisture. 
 
The basic properties of the materials used are tabulated in Table 1. The natural water 
content (WC) for DMS is almost twice its liquid limit (LL). It clearly shows that the soil is 
soft and slurry. Based from the USCS (2011), DMS is classified as low plasticity silt (ML). 
On the other hand, WGM were categorized in the particles range of gravel-to-sand. Table 2 
displays the chemical properties of BA, POC and C. Both BA and POC were classified as 
Class F, whereas C was categorized as Class C. According to ASTM C618-15, cementitious 
and pozzolanic materials with SiO2+Al2O3+Fe2O3 ≥ 50 % or CaO > 10 % is considered as 
Class C type which is not only pozzolanic but highly cementitious, whereas 
SiO2+Al2O3+Fe2O3 > 70 % is considered as Class F type which is pozzolanic but less 
cementitious. 
 
Table 1. Basic properties of the materials used in the study  
Properties DMS BA POC 
Natural water content, WC (%) 91.96 - - 
Liquid limit, LL (%)) 47.70 - - 
Plastic limit, PL (%) 31.50 - - 
Plasticity index, PI (%) 16.20 - - 
Specific gravity, SG 2.57 2.56 2.23 
Soil classification ML GP SP 
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Figure 1 display both of the granular materials, namely BA and POC. BA was collected 
from Tanjung Bin Power Plant in Pontian, Johor. It has a porous, glassy and dark 
appearances. As for POC, it was collected from Keck Seng (M) Sdn. Bhd. in Masai, Johor. 
 
The obtained POC was in the form of large chunks with rough and porous surfaces. 
Both of these materials were crushed and sieved passing 2 mm to keep it uniform and 
homogenize. Then, the materials were oven-dried at 105ᵒc for 24 hours to ensure no 
moisture intact prior to mixing. Figure 2 shows the particle size distribution of the materials 
used. 
 
Table 2. Chemical properties of BA, POC and C 
Oxides (%) BA POC C 
Silicon dioxide (SiO2) 48.70 80.80 24.50 
Aluminium oxide (Al2O3) 26.50 4.50 9.42 
Calcium oxide (CaO) 8.80 2.30 54.20 
Iron oxide (Fe2O3) 8.50 5.20 5.20 
Titanium oxide (TiO2) 1.95 0.17 0.69 
Magnesium oxide (MgO) 1.85 1.34 1.40 
Potassium oxide (K2O) 1.10 3.66 0.98 
Others 2.05 0.90 2.30 
Classes F F C 
 
 
Figure 1. Coal bottom ash (left) and palm oil clinker (right) 
 
METHODS 
 
Eleven series of samples were made including the untreated and treated samples. 
Proportion of materials in mixtures are tabulated in Table 3. The soil samples were treated 
with 10 and 20 % of cement by dry weight of soil. Many studies have proven that cement 
content at minimum of 10 % had improved the engineering properties of DMS (Pakbaz and 
Alipour, 2012; Bushra and Robinson, 2010). Moreover, previous studies have reported that 
50-100 % of WGM have resulted with significant gain of strength and stiffness which was 
influenced by inter-particle bonding and pozzolanic reaction of these granular materials 
(Ibrahim and Razak, 2016). Hence, 50 and 150 % of WGM by dry weight of soil were used. 
Homogeneous mixtures of both WGM and C were also prepared to examine the 
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compressibility and consolidation effects of samples with low cement and high granular 
dosages and vice versa. 
 
 
Figure 2. Particle size distribution 
 
By using a conventional kitchen mixer, the materials were mixed thoroughly and then 
compacted inside the standard oedometer rings. According to Chan and Yusof (2015), the 
significant shear strength of treated DMS can be observed in the early curing period of 7 
days. Hence, the soil samples were left to cured in room temperature for 7 days prior to 
testing. The oedometer test and procedures were accordance to the standard (BS1377:5, 
1990). All of the samples were subjected to the fixed sequential loads of 12.5, 25, 50, 100, 
200, 400 and 800 kPa. 
 
Table 3. Sample mix proportions 
Samples 
Material 
proportions (%) 
Natural 
water 
content 
(%) 
Dry soil 
(g) Water (g) Binder (g) 
Water-
binder 
ratio (w/b) BA POC C 
Untreated - - - 
91.96 130.24 119.76 
- - 
10C - - 10 13.02 9.20 
20C - - 20 26.05 4.60 
50BA 50 - - 
65.12 1.84 
50POC - 50 - 
150BA 150 - - 
195.36 0.61 
150POC - 150 - 
10C100BA 100 - 10 
143.26 0.84 
10C100POC - 100 10 
15C50BA 50 - 15 
84.66 1.41 
15C50POC - 50 15 
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RESULTS ANALYSIS & DISCUSSIONS 
 
Noted that these samples are reconstituted samples, thus the soil is yet to receive any 
effective stress. Figure 3 displays the compression curves of the test samples in terms of 
void ratio (e) against logarithm of effective vertical stress (σ’v). Cement- and WGM-treated 
DMS shows apparent behavior of over-consolidation effect at pre-yield stage as compared 
to the untreated DMS. This finding, while primarily, suggests that cement and WGM have 
provide a chemical reaction to the soil and improve its engineering properties. Figure 4 
shows the settlement plot of untreated and 20C samples at its pre- and post- yield stresses 
Based on Table 4, the yield stress for untreated- and 20 % cemented-DMS are 23.5 and 220 
kPa. Cement- admixed DMS has higher yield stress and settlement reduction than untreated 
DMS. In term of compressibility, cement- admixed DMS samples have higher void ratio 
than untreated soil. It is highly due to the additional structure effect that is produced by 
cement bonding with clay (Horpibulsuk et al., 2003; Jongpradist et al., 2011). As for WGM-
admixed DMS, results show lower void ratio than untreated DMS. Do and Tran (2011) 
reported that as the WGM content increased, the initial void ratio reduced. In spite of that, 
as more stress applied on 150BA and 150POC samples, the void ratios remained higher than 
50BA and 50POC samples. It is probably due to the formation of soil skeleton of granular 
materials which is induced by WGM’s frictional resistance (Kanadasan et al., 2014; Gullu, 
2014). This can be proven with the cement-WGM-admixed samples, where 10C100BA and 
10C100POC have lower void ratio due to high WGM content as compared to 15C50BA and 
15C50POC that have higher void ratio due to high cement content. 
 
 
Figure 3. Compression curves; void ratio (e) versus log effective vertical stress (log σ’v) 
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The inclusion of 10 and 20 % of cement in DMS have significantly reduced the soil’s 
compressibility compared to the untreated DMS. Soft clay with high water content is 
comprised of so many clay clusters that surrounded by clay’s inter-void spaces 
(Horpibulsuk et al., 2003; Zhang et al., 2013; Yamadera, 1999; Nagaraj et al., 1995). With 
the addition of cement in clay, it helps to bind the clay at inter-void spaces. Low amount of 
cement is insufficient to gather the clay clusters at large inter-void spaces. Hence, the soil 
will develop a slight increase in strength. However, if the cement content is over a 
threshold, it will bind all of the clay clusters and gradually strengthen the soil. Clearly, 
higher cement content in DMS will reduce more of the soil’s settlement. With the addition 
of WGM in cemented DMS, it helps to provide effective settlement reduction which is 
equivalent to those of samples 15C and 20C. For instance, the compressibility of sample 
15C50BA is as good as sample 20C. Therefore, it can be concluded that by adding 50 % of 
BA in 15 % of cemented DMS could reduce the usage of 5 % cement in 20 % cemented 
DMS. 
 
Table 4 summarizes the consolidation test results which include compression index (cc), 
effective yield stress (σ’y), coefficient of consolidation (cv) and time for end of primary 
consolidation (t100). The σ’y was determined by using Casagandre’s method and the cc value 
was obtained at the slope of the virgin compression curve. The unit for cv is in term of 
practical unit accordance to (Head, 1982). The compression curves can be divided into two 
parts; namely pre-yield and post-yield. Pre-yield is a state when the effective vertical stress 
is less than the effective yield stress (σ’v< σ’y), at which the cc value is low. Whereas, post-
yield is a state when the effective vertical stress is more than the effective yield stress 
(σ’v>σ’y), whereby the cc value is high (Zeng et al., 2016). In the case of chemically treated 
soil, flocculation and aggregation activities will increase during cation exchange process 
which then improved the σ’y and reduced the cc of the soil samples (Nalbantoglu and 
Tuncer, 2001). However, the cc values differ accordance to the type of admixture used in the 
natural soil, at which will be explained in the following test results. 
 
Figure 5 displayed a relationship plots between σ’y and cc. It is clear to see that the 
treated soils have lower cc values than untreated soil. Cemented soil shows lower cc and 
high σ’y values than the natural DMS. According to Ho et al. (2010), the cementation effect 
can be observed through σ’y values where the increment of σ’y is due to the cementation 
bond of clay particles. As for WGM-admixed DMS, the samples turned into granular 
materials which give the soils the adequate cc than from the pozzolanic reaction that has less 
influence on the soil samples. In addition, the irregular shape and rough surfaces of WGM 
provide better interlock arrangement to the soil skeleton thus affect its shear resistance and 
compressibility (Kim and Do, 2012). The homogenous samples in Figure 4 display 
considerable cc and σ’y due to the addition of both cement and WGM. This implies that high 
cementitious materials produced high σ’y and more granular materials affected the cc. 
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Figure 4. Settlement plot of untreated and 20C samples at its pre- and post- yield stresses 
 
Table 4. Summary of consolidation test results 
Samples 
Compression 
index, cc 
Effective yield 
stress, σ’y 
(kPa) 
Coefficient of 
consolidation, cv 
at 800 kpa (m2/year) 
Time for end of primary 
consolidation, 
t100 at 800 kPa (min) 
Untreated 0.006 23.5 0.15 43 
10C 0.001 68 2.17 13 
20C 0.0004 220 3.99 9 
50BA 0.001 32 0.32 96 
50POC 0.001 36 0.47 78 
150BA 0.0001 42 2.12 75 
150POC 0.0001 58 1.31 60 
10C100BA 0.0005 90 2.75 17 
10C100POC 0.0004 65 2.68 22 
15C50BA 0.0006 140 2.52 18 
15C50POC 0.0007 120 1.16 35 
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Figure 5. Effective yield stresses (σ’y) versus compression index (cc) 
 
Also in Table 4, the time-dependent consolidation characteristics such as coefficient of 
consolidation (cv) and time for end of primary consolidation (t100) were listed. Loading stage 
of 800 kPa at large strain was selected to indicate the increase in cv and t100. Note that t100 is 
the time required for soil to fully removed the excess pore water and cv is a parameter used 
to determine the strain rate of soil that is applied with various effective stress. Based on 
Terzaghi’s effective stress theory, primary consolidation relates to the time-dependent 
compression test which correspond together with the dissipation of pore pressure (Zeng and 
Hong, 2015). However, many researchers have determined the primary consolidation 
through settlement-time plot, which is the renowned method in engineering practice 
(Robinson and Allam, 1998; Olson, 1986). Even so, a further work with more focus on 
determine t100 by using pore pressure transducer can be suggested. Therefore, in this study, 
both cv and t100 were derived from the compression curves by Casagandre method (log-
time). 
 
A correlation plot of cv against t100 was shown in Figure 6. There is an obvious boundary 
in t100 results between granular and cement-induced materials. Theoretically, WGM would 
be able to consolidate water faster due to the lots of opening or void in it. However, based 
on the result, WGM-admixed samples took longer time to reach primary consolidation. This 
is due to the low void ratio of WGM that can be witnessed in e- log σ’v plot. Interestingly, 
the cement-admixed DMS shows faster time to fully consolidate the pore water. This is 
likely due to the significant decrease of liquid limit and small increase of plastic limit 
caused by the reduction of surface activity of clay minerals by cement chemical reaction 
(Bhuria and Sachan, 1986). Cementation effect of cement also showed significant 
improvement in t100 for the homogeneous samples regardless of the WGM content. It can be 
concluded that cement influenced the t100 more effectively than WGM. 
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Figure 6. Time end of primary consolidation (t100) versus coefficient of consolidation (Cv) 
 
It is observed that the cv values increased accordance to the type of admixtures. WGM-
admixed DMS shows that the cv is generally increases with the addition of WGM. Priya and 
Rangaswamy (2015) also reported that the cv value increase with the granular materials 
which may be due to its particle size that makes the soil more permeable than the untreated 
soil. On contrary, cement-admixed DMS have significantly improved cv compared to 
WGM-admixed and untreated samples. As the cement content increased, a significant 
increase of cv was observed. Similar behavior was reported by Bhuria and Sachan (1986). 
As for the homogenous samples, both mixtures of cement and WGM in DMS produced an 
improved cv as equivalent to the effect of cemented DMS. Hence, it can be seen that by 
adding WGM in cemented soil could act as supplementary additives to cement. 
 
CONCLUSIONS 
 
Series of oedometer tests were performed on DMS admixed with cement and/or WGM 
at different mix proportions. This study demonstrates the influence of cement and/or WGM 
on the compressibility and time-dependent consolidation behavior of DMS. Key 
observations from this study are summarized as follows; 
 
• WGM are classified as pozzolanic materials that is less cementitious as compared to 
cement. 
• Cement-admixed DMS displayed higher void ratio than WGM-admixed DMS 
which is due to the structuration of cement bonding. 
• The addition of 50 % BA in 15 % cemented DMS could reduce the usage of 5 % 
cement in 20 % cemented DMS. By adding WGM in cemented soil, it could act as 
supplementary additives to cement. 
• DMS sample with high cementitious materials have produced high σy’ values which 
are affected by the cementation bond of clay particles. 
• DMS sample with more granular materials have affected the cc values which are 
influenced by better interlock arrangement of the soil skeleton. 
• Homogenous samples of both cement and WGM display considerable cc- σy’ and 
also t100-cv relationships. 
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